tration irrespective of valence (e.g., focus upon how bitter the solution is compared to other bitter solutions), many subjects are quite successful at using intensity to 
Figure 1. Mean Intensity and Affective Ratings over Time
Mean intensity (left) and affective (right) ratings across three time points (time 1, prior to first scan; time 2, following fourth scan [midexperiment]; time 3, after final scan). IP, intense pleasant; IUP, intense unpleasant; WP, weak pleasant; and WUP, weak unpleasant. Ratings were made on 11 point scales (Intensity: 0, no intensity; 3, weak; 7, strong; and 10, extremely intense. Pleasantness: 0, extremely unpleasant; 3, unpleasant; 5, neutral; 7, pleasant; and 10, extremely pleasant). Only subjects whose ratings fell within the targeted range in the screening session were asked to participate in the fMRI session (15/19). The targeted range was defined as intensity ratings of 8 Ϯ 1 (intense) and 2 Ϯ 1 (weak) for both solutions and a pleasantness rating of 8 Ϯ 1 for the sweet solution and unpleasantness rating of 2 Ϯ 1 for the bitter. we describe a functional segregation within the human main effect of intensity [(IP ϩ IUP) Ϫ (WUP ϩ WP)], which produced activation bilaterally in the middle insula, pons gustatory system with the cerebellum, brainstem, amygdala, and middle insula coding for intensity and the anteand cerebellum, left substantia nigra, and right amygdala (Table 1, Figure 3 shows the amygdala activations from the random effect analysis and from two representative subunpredicted peaks. For predicted peaks, a priori regions of interest were specified using the small volume correcjects. The graphs of this figure clearly show that intensity rather than valence is driving the response in the amygtion (SVC) function (to the nearest cluster) in SPM99 (Worsley et al., 1996) and were considered significant if dala. Notably, the weak unpleasant solution tended to be associated with a decrease in activation. Amygdala the corresponding voxelwise p value was less than 0.005 corrected for multiple comparisons.
activation was also seen in IP Ϫ WUP (12, Ϫ12, 18; z ϭ 4.0; p ϭ 0.0004 SVC) and IUP Ϫ WP, following a region of interest analysis using a 5 mm sphere around the Intensity Coding To determine brain regions responding to taste intensity peak isolated in IUP Ϫ WUP (p ϭ 0.002). Inspection of the results from the contrast of intense pleasant minus irrespective of affective valence, we first assessed the Events began with delivery of 0.5 cc solution over a 5 s period (stimulus). The liquid was held in the mouth until a 400 Hz tone played for 5 s signaling the window of time during which subjects were allowed to swallow. The tone was followed by a 5 s rinse, which was in turn followed by a second tone signaling that the subject should swallow again. The dotted line indicates the predicted hemodynamic response function (hrf). By signaling the subject to swallow 15 s after taste delivery, the peak of the hrf should be free from contamination by movement related to swallow. Only this hrf segment of the data is analyzed. Each stimulus was presented twice per run, and a total of eight runs were performed. Runs lasted for 5 min and 13 s (12.6 s to equilibrate). 
Unpleasantness Coding
To uncover regions of the brain responding preferentially to both concentrations of unpleasant taste, we compared the mean activation of the weak and intense unpleasant solutions (IUP ϩ WUP) to the activation resulting from the tasteless condition [(IP ϩ WP) Ϫ tasteless]. This produced activation in the midbrain, putamen, hypothalamus, claustrum, anterior insula/operculum, orbitofrontal cortex, anterior, and subcallosal cingulate gyrus (Table 3 and Clearly, in both studies, amygdalar response was sponse in the amygdala was associated with stimulus intensity irrespective of affective valence, whereas a driven primarily by intensity. This calls into question the notion that the amygdala "tags" sensory stimuli with an valence-specific response for pleasant taste irrespective of intensity was identified in the right orbitofrontal affective label. However, we also note that deactivations were observed in the amygdala to the weak unpleasant cortex. Anderson and colleagues also noted activation taste but not to the weak pleasant taste. This suggests cessing within the amygdala. In an earlier study, we used positron emission tomography to measure brain that amygdaloid activity is best characterized by a complex interaction between valence and intensity, which response to presentation of a series of tastes/odor pairs (Small et al., 1997). In one 60 s scan, subjects were is consistent with its previously described heterogeneity in structure and function ( Studies that show amygdala activation without perlowed by a salty taste with a soy sauce odor, etc.). In a separate scan, subjects were presented with the same ceptual awareness (and thus possessing zero perceptual intensity) also argue against a straightforward role tastes and smells in mismatched pairings (a sweet taste with a soy sauce smell followed by a salty taste with a for the amygdala in stimulus intensity coding (Morris et al., 1999) . Other evidence for a complex interaction of strawberry odor). In both scans, identical stimuli were presented and thus concentration was perfectly conintensity and valence within the gustatory modality comes from two studies of patients with excision from trolled. Nevertheless, amygdala activation was observed in the mismatched condition, which was described as the anterior temporal lobe for the treatment of intractable epilepsy (Small et al., 2001b, 2001c) . In both studies, unpleasant and unfamiliar, compared to the matched condition, described as pleasant and familiar. Although we the patients displayed increased intensity perception for aversive but not for pleasant taste. In these studies, did not ask our subjects to judge intensity, based upon the fact that unpleasant tastes are generally judged as the surgeries always included radical resection of the amygdala, and deficits were attributed to the amygdala more intense than pleasant tastes, irrespective of concentration (Pfaffmann, 1980; Pfaffmann et al., 1977) , we lesions, since taste-responsive cells that are sensitive to intensity have been recorded from the primate amygdala predict that the increase in novelty and unpleasantness was also accompanied by the experience of greater (Scott et al., 1993) .
Flavor novelty may also be dependent upon prointensity. Future studies will be important in dissecting the brain substrates differentiating subjective intensity al., 1986a, 1986b). Our results indicate that these same regions are associated with taste intensity perception perception from physical differences in stimulus concentration, but we suspect that the integrated coding in humans. However, the amygdala activation observed here was further posterior to the region where Scott and in the amygdala for intensity, novelty, and affective tone may play a key role in this dissociation. colleagues were recording ( Figure 3A) . The analysis of BOLD detectability within the amygdala indicates that Given the aforementioned findings, we favor the interpretation that the amygdala is important in establishing this discrepancy is unlikely related to a reduced ability to measure signal from more anterior portions of the the saliency of sensory stimuli, which is determined by the interacting dimensions of intensity, valence, and peramygdala ( Figure 3D ). While the exact location of amygdala activity varied quite a bit between subjects, the haps novelty/familiarity. One important function of this integrated coding may be in biasing processing in favor region isolated in the group analysis is almost identical to the region Anderson and colleagues reported as senof adaptive needs so that subjective experience can be released from dependence upon physical attributes of sitive to odor intensity (Anderson et al., 2003) . It is therefore possible that the region of the amygdala coding for the stimulus.
The finding of valence-specific responses in the chemosensory intensity differs in humans and primates. In contrast, the region of insula/operculum that responded orbitofrontal cortex is in accordance with a whole literature on reward processing in this region ( We were also able to identify an insular region that stimuli for intensity, and no study has yet examined brain response to taste intensity. Zald has noted that the left appeared most sensitive to the affective quality of taste. This region extended from the middle insula ventrally orbitofrontal cortex is more frequently activated by unpleasant chemosensation, whereas the right orbitofrontoward the caudal orbitofrontal cortex (Figures 5F and 5I) and was relatively insensitive to taste intensity pertal cortex is more frequently activated by pleasant chemosensation ( ., 1986 ). The current results suggest a division of function within these regions. due to differences in intensity since the stimuli were matched for intensity, and no intensity-related activation Finally, the parabrachial region of the pons was the most sensitive region in the brain to taste intensity (Figwas observed in the orbitofrontal region in the intensity  analyses (Figure 4) . ures 5D and 5H). In rats, the pontine parabrachial nucleus represents a second-order taste relay, and the It is also noteworthy that the right hemisphere activation corresponded well to the human anatomical homogustatory responses have been well characterized (Di Lorenzo, 1988 Lorenzo, , 1990 ; Di Lorenzo and Monroe, log of the secondary gustatory area (Small et al., 1999) Within-group comparisons were performed using a conjunction were obtained for all but four subjects, who were subsequently analysis within a fixed-effects model for one comparison [(IP ϩ excluded. Of the remaining 15 subjects, six were excluded either WP) and (IUP ϩ WUP)] and random-effects models for all other because movements made during scanning surpassed a predetercomparisons in order to account for intersubject variability. Paramemined acceptable limit (Ͼ1 cm movement in any direction in more ter estimate images from designated contrasts (e.g., strong sucrose than one scan) or due to technical difficulties with either the scanner versus weak sucrose) were entered into second-level analyses using or gustometer. Of the remaining nine, six were women, and the one-sample Student's t tests. SPM assigns significance t fields from mean age was 24 years. All subjects reported being right handed, all analyses using the theory of Gaussian random fields (Friston and all were classified as being right handed by the modified Edinet al., 1995; Worsley and Friston, 1995) . Activations that were not burgh inventory (Oldfield, 1971 ). The average handedness score predicted were considered significant at p Յ 0.05 at the cluster was 87 out of a possible 100. All subjects were of average weight level after correction for multiple comparisons across all voxels. and screened for obesity and malnutrition on the basis of their Predicted peaks were considered significant at p Յ 0.005 within body mass index. All subjects also reported no known taste, smell, regions of interest, specified a priori, and probed for significance neurological, or psychiatric disorder. Finally, subjects were also by small volume corrections to the nearest cluster. Finally, region asked to rate the intensity of papers soaked in 6-n-Propylthiouracil of interest analyses were carried out for the right caudolateral orbito-(PROP) using the general labeled magnitude scale (Green et al., frontal cortex, anterior cingulate, left anterior orbitofrontal cortex, 1996) to determine taster status (Prutkin et al., 2000) . The mean and insula in the comparison of (IP ϩ WP) Ϫ (IUP ϩ WUP) or its PROP was 45 with a standard deviation of 21. All subjects were inverse, using a 5 mm sphere around peaks identified in the primary classified as "tasters," except one whose score fell in the nontaster random effects analyses (IP ϩ WP Ϫ tasteless) and (IUP ϩ WUP Ϫ tasteless) and the MARSBAR tool available for use within SPM99. range. There were no supertasters in the group.
